This study investigates the effect of different prosodic variables (e.g., pitch, syllable duration, presence of pitch accent and intonation boundary) and non-prosodic variables (e.g., type of verbal argument, presence of clause boundary, part-of-speech and number of syllables) on the perception of prominence in spontaneous Estonian. Following the methodology of Rapid Prosody Transcription, 396 randomly selected speech fragments from ten speakers were presented over the internet to 51 prosodically untrained listeners, whose task was to highlight the words they heard as prominent. The same dataset was annotated for intonational pitch accents and boundary tones by two experts. The results demonstrate that the strongest predictors of prominence perception are the pitch and duration of stressed syllables together with the presence of a pitch accent while the non-prosodic variables are somewhat weaker. The study corroborates earlier findings in that the perceptual salience in spoken language processing depends largely on the acoustic signal-based cues.
Introduction
Perceived prosodic prominence is a relational property of a word or phrase that can have a number of linguistic sources (Baumann and Winter 2018 , Cole et al., 2010 , and Turnbull et al. 2017 . Speakers employ prominence in order to facilitate the production and processing of verbally transmitted information. All languages exhibit prominence but prominence patterning varies strongly among languages in relation to differences in stress and contextual factors. For example, in some languages, prominence relations can be expressed by word order while in others (the so called intonation languages) pitch accents can be used. Previous research has shown that what is perceived as highlighted in speech depends on various prosodic and non-prosodic cues (e.g., Cole et al. 2010, and Turnbull et al. 2017) .
For better understanding of linguistic prominence, it is crucial to acquire more data from typologically different languages (Cole et al. 2017 ) by using comparable methodologies. This paper investigates prominence perception with the Rapid Prosody Transcription (RPT) methodology (see e.g., Cole et al. 2010) , which entails that a number of 'naïve' listeners transcribe a chunk of text by indicating words they hear as prominent while simultaneously listening to the audio recording of the same text. In the RPT methodology, listeners do not receive any instructions on prominence but instead are expected to follow or develop their individual internal criteria for resolving multiple cues to prominence during the transcription task. The degree of prominence of a word is measured based on the number of listeners and how frequently it was labelled as prominent. The RPT methodology has been used for the study of numerous typologically different languages (for the Germanic languages see Baumann and Winter 2018 , Cole et al. 2010  for the Romance languages Hualde et al. 2016 and Roux et al. 2016 , and for Russian Luchkina and Cole 2016) , enabling meaningful cross-linguistic comparisons.
This study is the first to investigate prominence perception in Estonian using the RPT methodology. The goal is to investigate the effect of prosodic and non-prosodic sources of prominence in Estonian.
Prosodic sources of prominence
Prosodic sources of prominence are relatively well studied. A number of studies have shown that in many languages semantically prominent words (i.e., words in sentence focus) bear a pitch accent (see subsection 2.1.1. for a definition) in read-aloud speech (for English see e.g., Breen et al. 2010 , for German Féry and Kügler 2008 , and for Dutch Swerts et al. 2002 . The presence of pitch accents very often implies that the F0 of pitch-accented syllables differs from the speakers' or utterances' mean F0 (the so-called reference F0). F0 can be either lower or higher than the reference F0, depending on the type of pitch accent (e.g., rising or falling pitch). Also, vowels of accented syllables tend to be longer than in unaccented positions. This combination of acoustic cues (F0 and duration) makes pitch-accented syllables stand out perceptually relative to adjacent non-accented syllables.
A number of perception studies have demonstrated that listeners are highly sensitive to the presence of a pitch accent while interpreting an utterance within context (Birch and Clifton 1995, and Bock and Mazzella 1983) . For example, the study by Birch and Clifton (1995) that asked native English speakers to rate the appropriateness of pitch accents in utterances in relation to context utterances showed that the participants were sensitive to the semantically expected locations of pitch accents. In a follow-up experiment, the listeners were much faster at assessing the correct meaning when the pitch accents were appropriately located than when they were not. These results can be taken to demonstrate that listeners of intonation languages are highly sensitive to prosodic prominence and use acoustic information for fast and effective processing of spoken utterances.
The evidence that (a) speakers employ prosodic prominence, and (b) listeners are sensitive to it in processing spoken utterances, supports the view that linguistic prominence can be observed directly in the acoustic signal (in F0, duration and intensity measures). However, this is not as straightforward as it may seem. Previous research suggests that the acoustic cues (e.g., F0 maximum) interact with lexical, syntactic and discourse context in triggering prominence perception (see Cole et al. 2010 ). Baumann and Winter (2018) tested a set of 17 different linguistic variables and showed that prominence is signalled simultaneously by multiple factors but the most predictive of perceived prominence were the ones relating to intonational phonology such as the presence of a pitch accent, its position and type (e.g., rising or falling pitch). Their results imply that phonological categories play a role in determining listeners' prominence judgements in that listeners employ them to approximate the gradient phonetic parameters such as F0, duration and intensity.
Non-prosodic sources of prominence
Contextual or non-prosodic influences on prominence and prominence perception have received less attention. Calhoun (2006) argues that some types of sentence constituents (verbal arguments) are more likely to form a separate syntactic and prosodic phrase and be perceived as prominent. In this regard, some theoretical accounts have argued that there is a higher probability for sentence subjects to form separate phrases whereas verbs and objects are mostly phrased together into one prosodic phrase (e.g., Arnhold 2014, and Truckenbrodt 1999) , implying that sentence subjects are more likely to carry pitch accents than objects. Therefore, due to the differing accentuation patterns, types of verb arguments might also affect the perception of prominence. Baumann and Winter (2018) show that prominence perception is also influenced by part-of-speech. In particular, function words are highly predictable in utterances, and pronouns frequently refer to given information in discourse while content words such as nouns, proper names, adjectives and lexical verbs are much less predictable and more informative than function words. Nominal constituents (e.g., nouns, adjectives) have been demonstrated to sound much more prominent than verbs, pronouns and function words (e.g., Cole et al. 2017) . Consequently, it can be concluded that prominence perception is also influenced by lexical information.
A number of theoretical accounts of languages with flexible word order claim that the peripheral positions within syntactic phrases (e.g., clause-initial and clause-final) are for information-structural reasons more prominent than phrase-internal positions (e.g., Kiss 1995, and Vilkuna 1989) . For example, Vainio and Järvikivi (2006) showed that in Finnish the adverbials at the clause boundaries were perceived as more prominent than the objects in the same position (32.2% of prominence responses for object vs. 42.3% of prominence responses for adverbial). This result lends some support to the expectation that clausal position interacts with the type of verb argument in the prominence perception.
The above reviewed heterogeneous evidence on the production and perception of prominence suggests that there are a number of prosodic and non-prosodic factors to consider as predictors of perceived prominence. We have seen that not only continuous acoustic variables such as duration and F0 but also discrete prosodic variables such as the presence of a pitch accent and its position and type have the potential to modulate the perceptual salience of a word within a spoken utterance. The fact that phonological information which is more abstract than signal-based information can have an impact on prominence perception strongly suggests that contextual properties (e.g., syntactic function, syntactic phrase boundary or part-of-speech) might also cue prominence in spoken language.
Aims of the current study
The current study aims to investigate the linguistic sources of perceived prominence in Estonian. We consider the following to potentially influence the perception of prominence: F0 change across the word and duration of the first syllable, presence of pitch accents and intonation phrase boundary (prosodic variables), argument type, partof-speech, presence of clause boundary and number of syllables (nonprosodic variables).
Typologically, Estonian is an SVO language that exhibits flexible word order. In appropriate contexts, virtually all possible orderings of major sentence constituents (subject (S), object (O) and verb (V)) are accepted (Lindström 2006) . Corpus studies of spoken Estonian have demonstrated that, for the one-argument-sentences, sentence-final subjects are as common as sentence-initial subjects (e.g., Lindström 2002, and 2004) . A number of theoretical accounts hypothesize that when a syntactic constituent occurs in clause-peripheral position, it is more prominent than when it is in clause-internal position (Erelt et al. 1993 , Lindström 2006 , and Tael 1988 . As far as we know, there is no study seeking empirical evidence for this theoretical claim. The current study tests whether the verbal arguments differ in the degree of prominence and to what degree the presence of a clause boundary modulates the perceived prominence of these arguments.
Estonian makes it possible to investigate the abstract semanticosyntactic cues weighted against the signal-based and phonological cues to prominence because the few earlier studies have also indicated that Estonian employs pitch accents in a functional way (see Sahkai et al. 2013ab, Salveste 2015 , and Ots 2017 . For example, Sahkai et al. (2013b) found in a production study that different types of focus had an effect on word duration. Additionally, Ots (2017) showed that F0 change across the word was greater in focused than in unfocused words. Thus, based on speech production, it is reasonable to expect that signal-based acoustic cues such as duration and F0 are also available for prominence perception in Estonian. Sahkai et al. (2013b) also show that words in focus carry pitch accents. A perception experiment in Salveste (2013) that investigated the effect of word order and the position of pitch accents on congruency judgements in Estonian found that it was the position of the nuclear pitch accent that had the strongest effect.
In sum, this study examines the weight of prosodic and non-prosodic variables in the perceived prominence based on spontaneous Estonian. As to the prosodic variables, it will be tested how well the continuous signal-based acoustic cues predict prominence perception and how the perception of prominence is affected by the presence of a phonological pitch accent. We will investigate whether the verbal arguments vary in the degree of perceived prominence, and whether the prominence in arguments is affected by the presence of a clause boundary. We will also test the replicability of the finding from earlier studies that perceived prominence correlates with the part-of-speech and the number of syllables in a word (see Baumann and Winter 2018, and Cole et al. 2017 ). Finally, Estonian offers a good testbed for the reliability of the RPT methodology because its grammatical properties differ somewhat from the properties of the languages tested so far.
Materials and method
A perception experiment with naturally spoken stimuli was devised along the lines of the RPT task (Cole et al. 2010 and .
Materials
We selected 396 speech fragments from 10 speakers (5 females, 5 males, average age 25.3 years), comprising in total 4,727 words, from the Phonetic Corpus of Estonian Spontaneous Speech . The corpus is annotated on multiple levels including words (in orthographic spelling), lemmas (derived automatically from the orthographic spelling with the Filosoft morphological analyser, Filosoft 2011), speech sounds (phonetic transcription in Estonian SAMPA), sound structures (CV-structures), syllables (short -long, open -closed), feet and utterances. Words and sounds are manually segmented and also contain some rhythmic information such as the lengthening of wordinternal sounds.
The selection of fragments was based on the number of syllables and duration of interpausal units (a pause was defined as a period of silence longer than 400 ms in order to allow for the inclusion of shorter pauses in the fragments). Each speech fragment was between 1.8 and 5.3 s long and consisted of 18 to 24 syllables. The number of syllables and the duration of fragments were controlled for because due to the higher processing load listeners could mark fewer prominences in longer than in shorter speech fragments.
Transcription of intonation
Relying on the consensus approach, two prosodically trained listeners (the authors of the paper) transcribed the materials for the intonational pitch accents and boundary tones. In the Autosegmental-Metrical theory of intonation, pitch accents are abstract phonological categories associated with stressed syllables that separate the continuous F0 contour into discrete units of tunes (Pierrehumbert and Hirschberg 1990) . The basic components of pitch accents are low and high tones (L and H respectively; see Ladd 2008) which can occur as simple tones (e.g., H* where the asterisk indicates the alignment of the high tone with the stressed syllable) or combine into complex tones (e.g., H*+L marking a fall from a high to a low tone). These tones need to be perceptually assessed by means of careful listening and observation of the F0 contour. Intonational phonology of the present materials was transcribed using the inventory proposed for the phonological transcription of Estonian intonation in Asu (2004, and 2005) .
While pitch accents were analyzed manually, intonation phrase (IP) boundaries were identified semi-automatically with the help of a Praat script and subsequently manually checked. Intonational boundaries in Estonian can be signalled by pauses, final lengthening, hesitations or interrupted words, creaky voice and pitch reset (Asu et al. 2016) . Each transcriber independently produced her own annotation that was later compared to the other transcriber's. Only pitch accents and boundary tones where the two expert annotators reached a consensus were included in the analysis.
Scoring of syntactic elements
For the observation of syntactic effects, all utterances were scored for the type of sentence constituents and clause boundaries independently by two linguists (one of whom was the first author of the paper). A clause was defined to be a finite verb (i.e., a verb that agrees with the sentence subject and contains suffixes for person and number; V) together with its arguments. Following a recent overview of Estonian syntax (Erelt and Metslang 2017) , each word was analyzed for the type of verb argument. The analysis did not take into account the fact that some words were part of multiple-word syntactic phrases, for example, mingi peavalu tableti ('some headache pill') in the utterance Ma võtsin mingi peavalu tableti ('I took some headache pill'). All words in such a phrase were labelled as objects but only the last word was labelled for the presence of a boundary.
Procedure and participants
LMEDS software (Mahrt 2016) was used for the audio presentation of spontaneous utterances together with the transcription on the screen over the internet. The 396 fragments were randomly subdivided into four lists containing 99 utterances. Listening to a list took about 40-60 minutes. Each participant was assigned to only one list creating four listener groups. Fifty-one native speakers of Estonian (40 females, 11 males between 20 and 72 years, average age 34.8) participated voluntarily in the online listening and transcription task. There were 12 transcribers in the first, 11 transcribers in the second, 13 transcribers in the third, and 15 transcribers in the fourth listener group. The task was to click on the words that sounded stressed ('Klikkige sõnadel, mis kõlavad rõhulisena'). No additional instructions for prominence assessment were given.
Analysis
The prosodically untrained transcribers marked each word they heard as either prominent or not, a binary distinction encoded as 1 and 0 respectively. For each word a prominence score (p-score) was calculated by dividing the sum of scores by the number of annotators. As such, the p-score varied between 0 (no listeners marked the word as prominent) and 1 (all listeners marked the word as prominent). The p-score, thus, assesses the probability of a word to be perceived as prominent.
Statistical inferences were drawn from general additive models (as implemented in the mgcv package in the software R, Wood et al. 2016 , and R Core Team 2019) as they are suitable for detecting functional relationships between the dependent and independent variables without assuming the normal distribution of data or of the residuals of the fitted model (see Cole et al. 2017 for a similar analysis procedure). The dependent variable was the p-score. The explanatory variables included the categorical factors content word, presence of pitch accent, presence of IP boundary, argument type, presence of clause boundary, speaker and list, and continuous variables syllable duration, F0 excursion and number of syllables. F0 excursion was the difference between the F0 maximum of the first syllable and the F0 minimum of the last syllable of a word. The continuous variables were scaled prior to the analysis. The model also contained interactions between the presence of pitch accent and intonation boundary, and between argument type and presence of clause boundary. The continuous variables (F0, duration) were fitted by using the smoothing function while the categorical variables have the standard OLS regression analysis interpretation.
Results
For estimating the inter-rater agreement between the annotators, we calculated the Fleiss' Kappa for each subset of annotators. The Fleiss' statistic measures the degree of agreement among annotators in relation to the expected agreement based on the number of annotators and the number of items in a list. Fleiss' Kappa coefficients and their normalized z-scores are shown in Table 1 . The Fleiss' Kappa coefficients demonstrate a rather fair agreement among the four subsets of listeners. The poor general agreement might indicate that the cues to prominence in Estonian are rather subtle and listeners vary a lot in how they resolve these potentially conflicting cues.
We first examine the influences from the various linguistic features by means of the random forest analysis (Breiman's random forest algorithm implemented in the R package RandomForest; Liaw and Wiener 2002) . Each word represented one data point in the analysis. The model parameters were tested and selected by using the F-fold cross-validation feature. The best parameters for fitting the random forest were 800 trees and 3 features per tree. The random forest was trained on a random subset of 70% of the data (training set) and its predictions were tested on the remaining 30% (test set). The correlation between the actual p-scores and the predicted p-scores in the test set was comparatively high (r = .77, R 2 = .59). See Figure 1 for the importance ranking of the different variables. Figure 1 shows that the presence of the pitch accent is ranked the highest and is followed by the continuous prosodic variables pitch excursion and syllable duration. Other sources of prominence are ranked lower.
See Table 2 for the estimates of significant effects and Figures 2 and 3 for the visualization of the nonparametric model parameters. Figure 2 indicates for the syllable duration that within the range of most data (between -0.5 and 2), as the syllable duration increases, also the probability of prominence increases. For F0 excursions, the range of most data (between -0.5 and 2) shows that as the F0 excursions increase, the p-scores increase. The p-scores are significantly higher for words with more syllables. Finally, the model estimates indicate that the prominence perception in content words is higher than in function words. Plot (a) in Figure 3 indicates that the presence of clause boundary affects the p-scores of the non-arguments, subjects, objects and predicate complements. The probability of prominence increases as the subjects, objects and predicate complements occur at the clause boundary.
In adverbials, the presence of clause boundary influences the probability of prominence perception in an opposite way: adverbial at the clause boundary is less prominent than the adverbial in the phrase-internal position. Estimated probabilities in the left panel of plot (b) demonstrate the significant interaction between the presence of IP boundary and the accentuation: the p-scores for the unaccented words at the IP boundary are higher than in the non-boundary position, while the prominence of accented words is higher in the absence of the IP boundary.
Discussion
The present study investigated which prosodic and non-prosodic features make words or phrases perceptually salient in spontaneously spoken Estonian. The results show that prosodic variables such as syllable duration and F0 considerably contributed to the variation in p-scores. Perceived prominence was more likely as the duration of stressed syllable and F0 range increased. Similarly, the presence of a pitch accent increased the likelihood of prominence perception. This result corroborates earlier evidence of pitch accents being important cues to prominence perception in Estonian (Salveste 2013) . The presence of a pitch accent was by far the most important predictor of the prominence perception in the random forest analysis of variable importance. This result indicates that it is both the concrete (i.e., acoustical signal-based) and abstract (phonological) prosodic variables that contribute to prominence perception. This also implies that the inventory of Estonian pitch accents (see e.g., Asu 2004) has a perceptual basis.
The non-prosodic variables were somewhat weaker predictors of prominence perception. The results, though, reveal important empirical support for the hypotheses present in the theoretical literature about the Estonian language. We found that the presence of the clause boundary has an effect on the prominence of different types of verbal arguments. First, the prominence of subjects, objects and predicate complements increased together with the presence of clause boundary. In accordance with earlier analyses (e.g., Tael 1988 and Lindström 2017) , the perceived prominence of the clause-final subjects turned out to be greater than that of non-clause-final subjects. Second, the adverbials were perceived as more prominent in the absence of a clause boundary. This result might be affected by the method that was used for the analysis of verbal arguments and clause boundaries. Namely, all words in multipleword syntactic phrases were scored for the argument type but only the last word was scored for the presence of a boundary. It might be that the adverbials were more frequently composed of several words and this obscured the effect of phrase boundary. Alternatively, the clauseinternal and -final positions of adverbials might differ in informationstructural characteristics but this needs to be examined in future studies.
Finally, corroborating the evidence from other languages (see Baumann and Winter 2018 for German, and Cole et al. 2017 for English) we found that in prosodically untrained prominence perception, content words are more prominent than function words. Baumann and Winter (2018) predict a positive effect for content words based on informationstructural criteria. The current study did not investigate the effect of information structure on the p-scores. However, we think that content words induce stronger perceived prominence because they are on average longer and lexically more specified.
The results gained for prominence perception in Estonian using the RPT methodology comply well with those from the studies of other languages. The low inter-rater scores (fairly good) are somewhat surprising but not only characteristic to prominence perception in Estonian. For instance, in two studies with American English speakers, Cole et al. (2010, and report that the inter-rater agreement oscillates around the mean Fleiss' Kappa score of .3. Baumann and Winter (2018) report a slightly higher Fleiss' Kappa score (.53) for the German annotators. We think that this difference arises from the characteristics of the materials used. Namely, prosodically untrained annotators in the study by Baumann and Winter (2018) listened to the read-aloud speech elicited under experimental conditions. The listeners in the current study and in the studies by Cole et al. (2010, and labelled prominent words in randomly selected fragments of natural conversations. Spontaneous speech production is essentially different from read-aloud speech production because it is accompanied by simultaneous processes of sentence planning (Konopka and Brown-Schmidt 2014) . Therefore, under high cognitive load the speakers might not be able to produce reliable cues to prominence or the presence of cues to prominence depends on the activation of concepts in speakers rather than in the ongoing discourse (for a discussion of speaker-and listener-oriented characteristics in speech production see Arnold 2008) . Thus, as also suggested in Cole et al. (2017) , listeners of naturally occurring speech are dealing with conflicting cues, and due to this, they need to vary their strategies to resolve the conflicting cues to prominence.
Another general characteristic of our data is the quite low prob ability estimates. This is, again, something that we observe not only in the Estonian data but also in the data reported for English and German (see in Baumann and Winter 2018 , Cole et al. 2010 . The probability functions tend to oscillate below .5% (or slightly higher for some variables in Baumann and Winter 2018) independent of the language. Thus, probabilities for Estonian match quite well with those found for other languages indicating that the RPT methodology worked well for investigating the prominence perception in Estonian. The results gained using this methodology enable us to better understand the phenomenon of prominence as such, and to draw conclusions applicable for languages differing in their grammatical properties.
The results of the current study indicate that prosodic variables are better predictors of perceived prominence in Estonian than non-prosodic variables. This observation lends support to the idea that perceptual salience in speech processing is more strongly related to (a) signal-based cues and via them to (b) phonological categories than to semanticosyntactic cues. Phonological pitch accents, although linguistic abstractions, are directly related to the features of the signal (e.g., the shape of the F0 curve within a given time period) and are therefore different from semantico-syntactic cues, the retrieval of which relies to a large degree on the resolution of the acoustic cues in the incremental speech processing. Therefore, semantico-syntactic cues such as argument type and presence of clause boundary are significant for prominence perception, but they do worse as predictors and can offer only a supportive role for the resolution of relational acoustic cues such as duration and F0.
The present results could have been influenced by the nature of the materials. The listeners annotated very short fragments taken out of context, which might have boosted the strong effect of prosodic cues in the perception of prominence. Lexical, syntactic and discourse context would probably influence the perceived prominence more if longer speech fragments with more easily traceable semantic and pragmatic relationships between the words were provided for annotation.
Con clusions
The present study investigated prominence perception in spontaneous Estonian by prosodically untrained listeners using the Rapid Prosody Transcription (RPT), which has not been used for Estonian before. In line with earlier research on other languages, the results show that prominence perception in Estonian is above all guided by prosodic variables such as the presence of a pitch accent and the size of the F0 excursions. The non-prosodic characteristics of words tested, such as the type of verbal argument, presence of clause boundary and partof-speech, influence the perception of prominence to a lesser degree. Future studies on Estonian need to tackle among other aspects the influence of larger discourse context on the perception of prominence.
